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Abstract

Introduction
41
With applications as a feedstock in plastic manufacturing and as an industrial 42 solvent, the current butanol market in the United States alone is about 2.9 billion lbs per 43 annum. However, chemical synthesis of butanol relies upon propylene feedstock, a 44 petroleum-based substrate (Ezeji et al., 2007) . Alternatively, butanol (biobutanol) can be 45 naturally synthesized by solventogenic bacteria of the genus Clostridium through 46 fermentation of renewable substrates, such as glucose. The once prosperous Acetone-47
Butanol-Ethanol (ABE) fermentation has garnered resurgent interest as a result of 48 unprecedented economic and political concerns associated with increasing demand of 49 nonrenewable energy resources. In this regard, biobutanol has also emerged as a 50 promising renewable liquid transportation fuel. With thermodynamic and physical 51 properties that are highly akin to those of gasoline, biobutanol can be used either as a 52 blending agent or direct fuel replacement in conventional vehicles (Antoni et al., 2007) . 53
More specifically, butanol possesses a nearly 50% higher energy density than ethanol, 54 representing about 95% of the energy density of gasoline (Cascone, 2008) . Since it is 55 nearly 12-times more hydrophobic than ethanol, butanol can also be distributed and 56 utilized within existing transportation fuel infrastructures without corrosive consequences. 57
The suitability of Clostridial biocatalysts for use in industrial fermentations 58 suffers from several phenotypic disadvantages, including spore formation that can result 59 in the loss of butanol forming abilities. Additionally, stresses caused by butanol toxicity 60 have been attributed to the loss of pSOL1, a mega-plasmid encoding several essential 61 solvent-forming genes (Borden and Papoutsakis, 2007) . Furthermore, the metabolic shift 62 from acidogenesis to solventogenesis in Clostridium presents additional complications 63 synthesis from butyryl-CoA (Figure 1 ). Although C. acetobutylicum adhE1 can catalyze 87 the conversion of butyryl-CoA to butyraldehyde and then butanol with a single enzyme, it 88 can also mediate the synthesis of ethanol from acetyl-CoA (through acetaldehyde). C. 89 acetobutylicum also possesses two distinct butanol dehydrogenase isozymes, encoded by 90 bdhA and bdhB which have been found to have a high specificity for the conversion of 91 butyraldehyde to butanol (Welch et al., 1989) . In that same study, it was also reported 92 that bdhB provided a significantly higher catalytic turn over rate of butyraldehyde than 93 bdhA. Recently, different groups have successfully re-constructed the butanol 94 biosynthetic pathway of C. acetobutylicum using heterologous microorganisms, including 95 E. coli (Atsumi et al., 2008a; Inui et al., 2008) and S. cerevisiae (Steen et al., 2008) . 96
Although S. cerevisiae has been found to possess favorable industrial attributes, including 97 moderate butanol tolerance (Fischer et al., 2008; Knoshaug and Zhang, 2008) , 98 preliminary attempts to engineer butanol biosynthesis in yeast have resulted in the 99 production of merely 2.5 mg/L (Steen et al., 2008) . Meanwhile, butanol titers in E. coli 100 engineered to express the Clostridium butanol pathway have been reported as high as 552 101 mg/L (Atsumi et al., 2008a) . The biosynthesis of butanol, as well as other higher 102 alcohols of interest, from keto-acid precursors (typically used in amino acid biosynthesis) 103 has also been explored as an alternative route towards biofuel production (Atsumi et al., 104 2008b) . In subsequent studies it was shown that through this non-natural pathway, 105 butanol could be produced in excess of 800 mg/L as a co-product with n-propanol (Shen 106 and . Although the effects of product inhibition were likely to have remained 107 unnoticed given the relatively low titers achieved in each of these previous studies, the 108 butanol toxicity threshold of E. coli is known to be below that of Clostridium (Fischer et 109 al., 2008; Knoshaug and Zhang, 2008) . Thus, it is anticipated that modest inhibitory 110 thresholds of these strains will ultimately limit their achievable outputs as their 111 productivity is further engineered to that which is required of production-level strains. 112
Solvent tolerant phenotypes consist of evolved mechanisms by which many 113 opportunistic microorganisms have developed the means to survive in extreme 114 environments.
Notable naturally solvent tolerant bacteria include species of 115
Rhodococcus, Bacillus, and Pseudomonas (de Bont, 1998). For example, P. putida S12 116 derives its solvent tolerance from an increased proportion of trans-unsaturated fatty acids 117 in its cytoplasmic membrane (Heipieper and Debont, 1994) , as well as through the use of 118 active efflux pump systems. Such mechanisms permit maintenance of cytoplasmic 119 membrane integrity in the presence of high concentrations of organic solvents, and have 120 allowed P. putida S12 to demonstrate moderate tolerance to butanol in previous studies 121 (de Carvalho et al., 2004) . For these same reasons, P. putida S12 has also previously 122 been employed as an engineered host strain for the biosynthesis of phenol (Wierckx et al., 123 2005) and cinnamic acid (Nijkamp et al., 2005) . Meanwhile, solvent tolerant species of 124
Bacillus have also been isolated that can tolerate butanol concentrations as high as 2.5-125 3.7% (wt./vol.) (Sardessai and Bhosle, 2002) , by incorporating tolerance mechanisms that 126 can include adaptations to the cell wall composition and through the use of stress 127 response proteins (Kang et al., 2007) . In an effort to explore an alternative paradigm 128 towards the engineering of robust biocatalysts, we have re-constructed the butanol 129 biosynthesis pathway in heterologous hosts with known natural solvent tolerance and 130 high industrial utility (Schmid et al., 2001 ). More specifically, we have engineered 131 functional pathway expression strategies to allow biobutanol synthesis by both 132 RNA was isolated from S. cerevisiae grown overnight in YPD medium (Difco, Franklin 156 Lakes, NJ). Custom oligonucleotides (primers) were purchased for all PCR 157 amplifications (Sigma-Genosys, St. Louis, MO). 158
The natural butanol biosynthesis pathway of C. acetobutylicum (Figure 1) Table 2 . 237
Fermentation experiments using ED and EB strains were initiated by culturing the 238 recombinant strains in 6 mL TB using 15-mL tubes overnight at 37°C, in a shaker 239 rotating at 225 rpm. The preinoculum was used to seed 150 mL TB medium 240 Although it was reported that adhE2 was the most highly active of these homologs in 346 alcohologenic cultures of C. acetobutylicum (Fontaine et al., 2002) , little difference 347 between these two homologs was observed in our system. both gapA and fdh1 was tested in strain EB4.GF. Interestingly, however, butanol 375 synthesis from strain EB4.GF was only up to 320 mg/L, which was lower than either 376 EB4.G or EB4.F (Figures 2 and 4) . It is possible that simultaneous overexpression of 377 gapA and fdh1 along with the Clostridial enzymes negatively impacted host fitness. 378
Characterization of EB4.0 fermentation byproducts revealed that after 48 h, 379 succinate, lactate, and ethanol constituted the majority of the end-products, at 380 concentrations of 1400 mg/L, 1700 mg/L, and 1600 mg/L, respectively ( Figure 5) . 381
Overexpression of gapA in EB4.G not only resulted in butanol production increase, but 382 also increased ethanol production by ~18%, likely as a result of increased availability of 383 the precursor acetyl-CoA. The expression of fdh1 in strain EB4.F resulted in a ~42% 384 decrease of formate accumulation compared to EB4.0, down to 250 mg/L. In addition to 385 an increase in butanol production, fdh1 co-expression in strain EB4.F also caused ethanol 386 production to increase by ~12% ( Figure 5 ). In fact, with the exception of lactate, flux 387 through each of the natural NADH-consuming fermentative pathways of E. coli (i.e., 388 ethanol and succinate) was enhanced when fdh1 was co-expressed. Deletions of adhE 389 and/or ldhA did not improve carbon flux and/or NADH availability, instead resulting in a 390 decrease in growth rate and butanol production in all strains tested (data not shown). 391
392
Engineering P. putida and B. subtilis for Butanol Biosynthesis 393
The previously observed sensitivity of E. coli to elevated butanol concentrations 394 motivated the engineering of alternative butanol production platforms in more tolerant, 395 yet still well-characterized, strains. P. putida strains PS1.0 and PS2.0 were obtained by 396 co-transformation with either prBCS and pmTA1 or prBCS and pmTBA1, respectively. 397
These strains were cultured in TB medium supplemented with 0.5% glucose or glycerol, 398 however only aerobic conditions could be studied as P. putida is an obligately aerobic 399 organism. As seen in Table 3 , PS1.0 and PS2.0 achieved initial butanol titers of 44 ± 6 400 and 50 ± 6 mg/L with glucose, respectively, and 122 ± 12 and 112 ± 14 mg/L with 401 glycerol, respectively. As with E. coli, butanol production was highest when using the 402 more reduced substrate, glycerol. In this case butanol production by PS1.0 and PS2.0 was 403 ~260% (3.6-fold) and ~240% (3.4-fold) greater than their respective E. coli counterparts 404 (ED1.0 and ED2.0, respectively; Figure 2) . Again, the co-expression of bdhB was found 405
to yield an insignificant effect on butanol production. The capacity to produce such 406 demonstrated no beneficial effects in either E. coli or P. putida. BK1.0 was cultured in 432 TB medium supplemented with 0.5% glucose or glycerol, under both aerobic and 433 anaerobic conditions. As seen in Table 3 , no butanol production was detected under 434 aerobic conditions. However, after 72 h under anaerobic conditions, BK1.0 produced a 435 maximum of 23 ± 4 and 24 ± 4 mg/L butanol with glucose and glycerol supplementation, 436 respectively. Therefore, despite sharing greater phylogentic similarity with Clostridium 437 than both E. coli and P. putida, expression of Clostridial genes in B. subtilis did not 438 improve the apparent activity of this heterologous pathway. 439
440
Assessing the butanol tolerance of E. coli, P. putida, and B. subtilis 441
To assess the production potential of the various butanol-producing strains 442 constructed, we studied the inhibitory effects of butanol on the dynamic and steady-state 443 growth phenotypes of E. coli, P. putida, and B. subtilis. As seen in Figure 6 , the addition 444 of at least 0.5% (wt./vol.) butanol to cultures of E. coli and P. putida, or at least 1.0% 445 (wt./vol.) butanol to B. subtilis cultures, resulted in rapid and markedly negative effects 446 on both the growth rate and biomass yield. Addition of 2.0% (wt./vol.) butanol was 447
completely lethal to all cultures tested within about 30 min. The addition of butanol at 448 0.5% (wt./vol.) or higher to E. coli cultures caused a rapid decrease (within 30 minutes) 449 in growth rate and OD 600 relative to the control culture. Viability, however, was only 450 observed to decrease significantly in the presence of at least 1.0% (wt. One means of reducing carbon flux towards fermentative byproducts and 501 affecting the co-factor balance could involve deletions of adhE and ldhA, the primary 502 enzymes responsible for the production of ethanol and lactate, respectively. In this study, 503 deletion of either or both of these genes led to decreases in butanol productivity. These 504 two deletions were previously found to improve butanol titers from glucose in engineered 505 have demonstrated, butanol production was dependent upon the presence of bcd-etfAB 541 and expression of acd did not complement butanol biosynthesis in our engineered strains 542 of E. coli, indicating that background enzymatic activity alone was insufficient for 543 catalyzing this reaction under the culture conditions studied. These results support the 544 notion that it may be the method of analysis, and not the sensitivity of this enzyme to 545 dissolved oxygen, that is in fact responsible for the inability to assay this step of the 546 butanol biosynthetic pathway. 547
The susceptibility of E. coli to the toxic effects of butanol prompted our interest in 548 engineering of butanol-producing strains of both P. putida and B. subtilis. In this case, 549
we found that B. subtilis displayed elevated butanol tolerance, when compared with P. 550 putida and E. coli. The polycistronic expression of C. acetobutylicum genes in B. subtilis 551 resulted in butanol synthesis at similar titers to engineered E. coli ED strains. This result 552 represents a step toward the generation of an alternative butanol production platform with 553 improved solvent tolerant characteristics. As with E. coli, we anticipate the butanol titers 554 from P. putida and B. subtilis could now be substantially improved through host-specific 555 strategies. Significant improvements of butanol biosynthesis were achieved in E. coli as 556 a result of an improved gene expression strategy that involved individual promoter and 557 RBS sequences associated with each pathway enzyme, as well as through the 558 overexpression of enzymes to increase glycolytic flux or facilitate cofactor regeneration. 559
Furthermore, as has been previously demonstrated in E. coli, in vivo evolution of 560 heterologous pathway elements can also lead to improved productivities in a non-native 561 host (Meynial Salles et al., 2007) . In P. putida strains, improved expression could also be 562 achieved through the use of a Pseudomonas-derived promoter as opposed to the E. coli-563 derived lac promoter employed in this study. Furthermore, the lack of extensive natural 564 product biosynthesis in Pseudomonas sp. also reduces the potential for molecular cross-565 talk, contamination, and competition with native pathways in heterologous production 566 efforts (Zhang et al., 2008a) . The functional expression of the butanol biosynthesis 567 pathway in P. putida and B. subtilis further illustrates the potential of these under-utilized, 568 yet industrially relevant, strains as production hosts. 569
In addition to n-butanol, E. coli has also recently been engineered for the 570 production of other potential biofuels consisting of higher alcohols such as iso-butanol 571 (Atsumi et al., 2008b) , 2-methyl-1-butanol (Cann and Liao, 2008) , 3-methyl-1-butanol 572 (Connor and Liao, 2008) , as well as n-pentanol, 3-methyl-1-pentanol, and n-hexanol 573 (Zhang et al., 2008b) . Despite their favorable thermodynamic properties, it has been 574 thoroughly demonstrated that the cytotoxicity of an alcohol is elevated with an increasing 575 carbon chain length (Heipieper and Debont, 1994; Osborne et al., 1990a; Vermue et al., 576 1993 ). Thus, the problems associated with the cytotoxicity of both conventional and 577 second-generation biofuels will remain apparent, and represent an increasing requirement 578 for robust biocatalyst platforms. 579
The pseudo-steady state behavior observed with respect to butanol inhibition 580 represents a critical condition above which growth and viability became most severely 581 inhibited, and below which cultures remained prosperous. This state was found to be a 582 distinguishing feature of each organism, however the characteristic range of critical 583 butanol concentrations was found to be seemingly narrow (0.75 to 1.25%). This finding 584 is consistent with a previous study which found that a selection of Gram-positive and 585
Gram-negative bacteria, including Arthrobacter, Norcadia, Acinetobacter, and 586
Pseudomonas sp., each displayed very similar tolerance to a series of n-alkanol solvents, 587 including butanol (Vermue et al., 1993) . More recently, the inhibitory effects of butanol 588 on the growth of 24 different microorganisms, including several species of bacteria and 589 yeast, was investigated (Knoshaug and Zhang, 2008) . Although Pseudomonas and 590
Bacillus were excluded from that study, those findings also confirmed the existence of a 591 narrow range of toxic thresholds (between 1 and 2% (wt./vol.)) for most strains. Two 592 strains of Lactobacillus, however, were found to capable of maintaining growth in 593 butanol concentrations as high as 3%. Meanwhile, additional strains of Lactobacillus and 594 the phylogenetically related species Enterococcus have also been reported as capable of 595 tolerating up to 2.5% (wt./vol.) butanol on solid media (Bramucci et al., 2007; Bramucci 596 et al., 2008) . Interspecies similarity of butanol toxic threshold concentrations is likely a 597 result of high homology between the cytoplasmic membrane structures of the studied 598 organisms particularly when it is considered that the inhibitory mechanism involves 599 membrane accumulation leading to structural distortion. Although the specific strains of 600 P. putida investigated here showed a relatively low sensitivity threshold to butanol, 601 evolved strains of P. putida that can grow in the presence of up to 6% (wt./vol.) butanol 602 have recently been isolated (Ruhl et al., 2009 ). Since the P. putida pathway 603 reconstruction strategy outlined here would be compatible with these novel organisms, 604 these hosts would make excellent candidates as alternative butanol production strains. Although Clostridia are the traditional organisms employed in biobutanol 628 production, a significant and growing amount of research is centered on the engineering 629 of more robust strains capable of elevated production. Because systematic approaches to 630 improve butanol production traits of Clostridium are currently impeded by a lack of 631 characterization and genetic tools, this work has focused on the generation of a variety of 632 tractable strains which allow for versatile manipulations with the objective of improving 633 butanol fermentation. Functional butanol pathways were successfully constructed in E. 634 coli, P. putida, and B. subtilis. Experimental titers were highest in E. coli and benefited 635 from optimized expression strategies. Although B. subtilis displayed the most solvent 636 tolerant phenotype among the studied strains, thus providing it with the greatest 637 production potential, it was found to be the poorest producing strain. Preliminary titers 638 obtained in engineered strains of P. putida were superior to those obtained by E. coli 639 under aerobic conditions in previous studies, and titers from both P. putida and B. subtilis 640 were notably better than those recently achieved in yeast (Steen et al., 2008) . Although 641 the specific strain studied displayed sensitivity to butanol, with concurrent work on the 642 evolution of more solvent tolerant strains of P. putida, pseudomonads may constitute an 643 effective butanol production host in the future. 
